Salmonella species are intracellular pathogens whose ability to survive within macrophages has been correlated with murine typhoid fever pathogenesis (1, 2) . Work with a number of bacterial pathogens has identified virulence factors that are coordinately regulated in response to changing environmental conditions (3) (4) (5) . Transcription of virulence genes is controlled by proteins that show sequence similarity to a family of sensor-kinases. These proteins transduce environmental signals by transfer of phosphate to a specific DNA-binding protein that is a transcriptional activator (3) (4) (5) . In Salmonella typhimurium a two-component system, comprising the PhoQ (sensor-kinase) and PhoP (phosphorylated transcriptional activator) proteins, positively regulates genes (termed pag genes, for PhoP-activated genes) essential for survival within macrophages and mouse typhoid fever pathogenesis (2, 6) . One of the five pag loci identified to date, pagC, encodes an 18-kDa envelope protein essential for S. typhimurium mouse virulence and survival within macrophages (2, 7) . The PhoP regulon also includes genes that are repressed (prg genes, for PhoP-repressed genes) when pag genes are fully activated (8, 9) . Because PhoP and PhoQ are environmentally responsive regulators essential for survival within macrophages, it was proposed that PhoQ specifically sensed the macrophage intracellular environment and promoted transcription (2) . Supporting this hypothesis, an analysis of proteins produced by S. typhimurium after phagocytosis by a macrophage-like transformed cell line demonstrated thatphoP mutants synthesized different proteins than wild-type organisms (10) . In this paper, we report that S. typhimurium inhibits macrophage phagosome acidification and, in addition, that activation of virulence gene expression accompanies the eventual reduction of phagosome pH below 5.0.
MATERIAL AND METHODS
Strains and Genetic Methods. American Type Culture Collection strain 14028, a fully virulent strain of S. typhimurium, was the parent of all strains. Strains CS012 pagA::MudJ and CS013 pagB::MudJ were previously described (2) . The pCAA1 plasmid was constructed by ligation of the 3-kilobase Dra I restriction endonuclease-generated DNA fragment spanning positions +229 to -3000 of the transcriptional start site of pagC (7) to the Sma I restriction site of the plasmid vector pMLB1109 (gift of A. Hothchild, Harvard Medical School, Boston). pMLB1109 is a derivative of pBR322 that contains a transcriptional terminator immediately 5' to the Sma I site, and a promoterless lacZYoperon immediately 3' to the Sma I site. The P-galactosidase activity of pCAA1 was demonstrated to be regulated by phoP (data not shown). Strain CS223 ibg::MudJ was derived by mutagenesis of strain 14028 with MudJ (11) . The ibg locus is not regulated by phoP and was able to function as a strong constitutively expressed promoter when bacteria were grown in a number of different environmental conditions (data not shown). Bacteria were heat killed by incubation at 650C in phosphate-buffered saline (PBS) for 20 min.
Macrophages and Epithelial Cells. J774.2 mouse macrophages, Caco-2 epithelioid human colon adenocarcinoma cells, and MDCK canine kidney epithelial cells were cultured in Dulbecco's modified Eagle's medium (DMEM) as described (12) (13) (14) . Bone marrow-derived (BMD) macrophages were harvested from BALB/c mice and cultured as described (15) .
pag Transcription After Salmonella Phagocytosis by Macrophages. Macrophages were allowed to adhere to 12-well tissue culture dishes for 12-24 hr before infection. Stationaryphase bacteria were opsonized for 30 min with 10% normal mouse serum in 0.9o NaCl before infection of the cultured BMD macrophages. The ratio of macrophages to bacteria was 1:10. For each strain, 4.5 x 107 macrophages were used to test three time points in triplicate (5 x 106 macrophages per well). One hour after infection, samples of supernatant were removed and tissue culture medium with gentamicin (8 pug/ ml) was added to the remaining wells. The supernatant samples represented extracellular and nonadherent bacteria. The 1-hr time point represented bacteria adherent or intraAbbreviations: BMD, bone marrow-derived; cfu, colony-forming unit(s); FITC-Dx, fluorescein isothiocyanate-conjugated dextran.
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cellular after extensive washing with PBS. Approximately 10% of the initial inoculum was cell-associated 1 hr after exposure to macrophages. Intracellular bacteria comprised 85% of cell-associated bacteria, as determined by plating for colony-forming units (cfu) 1 hr after exposure to gentamicin (data not shown). At various times after exposure to bacteria, macrophages were harvested with a rubber policeman. After harvest, 10%o of the sample was lysed with 0.5% sodium deoxycholate and plated for cfu. The remainder ofthe sample was diluted into Z buffer to assay iS-galactosidase activity (16) . Controls using noninfected macrophages and macrophages infected with wild-type Salmonella showed no measurable /-galactosidase activity when assayed in Z buffer, as was previously observed at pH 8.0 (17) . P-Galactosidase activity was calculated using a formula adapted from Slauch et al. (18) (22) . Because estimation of pH with acridine orange is imprecise, we measured the phagosomal pH by using fluorescein isothiocyanate-conjugated dextran (FITC-Dx). The fluorescence excitation spectrum of fluorescein varies as a function of pH, and this was measured in individual phagosomes by quantitative fluorescence microscopy (23, 24) . Macrophages on coverslips were infected with living or heat-killed S. typhimurium in medium containing FITC-Dx (5 mg/ml).
After 45-60 min, the wells were rinsed three times with PBS at 37°C, then incubated for 10-300 min in DMEM with gentamicin (8 ,tg/ml). Coverslips were again rinsed with PBS and mounted for microscopic study of living cells (22) . Preparations were observed in a Zeiss IM-3 inverted microscope, equipped for epifluorescence, with a x63 objective lens. Excitation light was from a Tracor Northern Fluoroplex System (Noran Instruments, Middleton, WI), which provided alternating excitation at 450 and 482 nm. Fluorescence images were collected via a multichannel plate image intensifier (Videoscope International, Washington, DC) coupled to a Nuvicon video camera. The video signal was monitored through a Tracor Northern TN8500 image-processing system. Individual phagosomes containing bacteria were easily identified in the video monitor as 2-to 6-&,m-diameter fluorescent vesicles containing one or more uniform, rod-shaped, nonfluorescent inclusions ( Fig. 1) . pH measurement was also facilitated by the fact that phagosomes were spacious relative to the enclosed bacteria. Digitized images of fluorescence were collected and stored. Two 50-frame Kalman average images were obtained by averaging 10 Numerous controls were performed to ensure that our observations were not artifactual. No intracellular increase in transcriptional activation was observed in a strain containing a lacZ operon fusion to a constitutively expressed promoter, ibg (Table 1) . Because a multicopy plasmid was used to measure pagC transcription, we tested Salmonella contain- 50 times those used in the gene expression experiments. In addition, similar cfu numbers were obtained from Salmonella-infected macrophages grown in the presence or absence of weak bases, indicating that no effect on bacterial survival was observed even at the elevated concentrations that might be present within phagosomes.
It was possible that gentamicin, which has a greater activity at neutral pH (26) , could have preferentially inhibited Salmonella protein synthesis within phagosomes of higher pH. However, the enzymatic activity produced by strains with noninduced promoters fused with lacZ was comparable between controls and cells exposed to weak bases, indicating that gentamicin did not inhibit expression from nonregulated promoters (Table 1) . Therefore, we conclude that our observations of intracellular pag transcription were not an artifact of gentamicin presence.
NH4Cl can inhibit phagosome fusion with lysosomes (19), and conversely, chloroquine can enhance phagolysosomal fusion (27) . Because inhibition of phagolysosomal fusion could be involved in the control of pag expression, we measured phagolysosomal fusion in our system. Lysosomes labeled by pinocytosis of fluorescent tracers fused readily with phagosomes containing Salmonella. This phagolysosomal fusion was unaffected by the presence of either weak base (data not shown). Therefore, despite the possible pleiotropic effects of chloroquine and NH4CI, the fact that both alkalinizing compounds inhibited gene expression makes it highly likely that low pH stimulated virulence gene expression.
SalmoneUa Inhibits Acidification of the Phagosome. Using acridine orange, we observed that during the first 2 hr of infection most of the bacteria were in compartments of neutral pH. The number of acidic vacuoles containing Salmonella increased to nearly 100%o by 5 hr after infection (data not shown). In the presence of 10 mM NH4Cl or chloroquine at 10 ,g/ml, all labeled macrophage compartments were green, indicating that phagosomal pH was elevated (data not shown). We also quantitatively measured the pH of individual macrophage phagosomes containing S. typhimurium. Most of the vacuoles with Salmonella measured during the first 2 hr had a pH > 5.6. Vacuoles containing killed organisms had an average pH of 4.9 (Fig. 3) . The low pH measured in phagosomes containing heat-killed bacteria was consistent with the kinetics of acidification previously described in phagosomes containing killed yeast particles (28) .
All phagosomes observed in the second hour of infection after phagocytosis of dead Salmonella were pH 4.5 or less. The pH of vacuoles containing live bacteria had a mean value of 5.5 even when measured 2-4 hr after infection. The phagosomes containing live bacteria 4-6 hr after phagocytosis did acidify to pH 4.9 (Fig. 3) , and this was significantly higher than the value obtained from phagosomes containing dead bacteria measured in the second hour of infection. This indication that live Salmonella both delayed and reduced phagosome acidification suggested that Salmonella survival within phagosomes was achieved, at least in part, by maintenance of high pH. The observations that phagosome acidification correlated with the time of maximal pag transcriptional activation and that weak bases attenuated virulence gene transcription implied that phagosomal pH < 5.0 was a signal for PhoQ-activated gene expression. (28) . Thirty minutes after yeast particle internalization, endosomes were acidified to pH 5.0. Within 1 hr, phagosomes fused with lysosomes, resulting in further acidification to pH 4.5. We found that macrophage phagosomes containing killed Salmonella had a pH similar to that of phagosomes containing killed yeast. In contrast, when phagosomes containing live Salmonella were measured 1-2 hr after infection, the pH was 5.5-6.0. Several hours later further acidification occurred, with the majority of bacteria found in vacuoles with pH 4.9 by 4 hr after phagocytosis. However, even after 4 hr within macrophages, an occasional bacterium was found in an intracellular compartment with pH > 5.5. These pH measurements, coupled with our measurements of pag transcrip-tion within macrophages, support our conclusion that PhoQ signal transduction occurs in response to a phagosomal pH < 5.0. Since heat-killed bacteria were in compartments of pH < 4.5 within 1 hr after infection, we also conclude that live Salmonella inhibited phagosome acidification. A corollary of this finding is that the ability to inhibit phagosome acidification should be important to Salmonella pathogenesis and intracellular survival.
Two general mechanisms could be responsible for the Salmonella effect on phagosome pH. Salmonella could secrete bacterial products that buffer phagosome pH. Alternatively, Salmonella might modify a macrophage cellular process by interfering with proteins (receptors or transporters) in the phagosome membrane. Interference with host mechanisms seems an attractive hypothesis and one with precedent in other host-pathogen systems. Yersinia species, also intracellular bacterial pathogens, synthesize a protein that binds with high affinity to ,81 integrin receptors (29) . It has also been recently shown that S. typhimurium exposure to epithelial cells results in tyrosine phosphorylation of the epidermal growth factor receptor (30) . Both of these processes are involved in internalization of bacteria within a membranebounded vacuole within epithelial cells. It is interesting to speculate that some of the specific genes involved in phagosome buffering could be PhoP-repressed genes, as strains unable to express these gene products are unable to survive within macrophages and these genes should be expressed in a different environment than PhoP-activated genes (8, 9) .
A previous study of macrophages demonstrated that maximal acidification of phagosomes coincided with fusion with lysosomes (28) . This raises the question of whether we have measured pH from phagosomes before or after fusion with lysosomes. Electron microscopy studies have differed as to whether Salmonella is capable of partial inhibition of phagosome-lysosome fusion or instead is delivered to lysosomes but resists killing by lysosomal contents (31) (32) (33) (34) . One possibility raised by our observations is that phagosome-lysosome fusion is maximal at 4-6 hr, creating a more acidic environment that stimulates gene expression. However, our observations of living macrophages, using fluorescent dyes to assay phagolysosomal fusion, as well as indirect immunofluorescence with antibodies to specific lysosomal proteins, indicate that phagosomes containing Salmonella fuse with lysosomes very early following phagocytosis (C.M.A.A., E. Rascoosin, J. A. Swanson, and S.I.M., unpublished work). This suggests that Salmonella can inhibit lysosome acidification.
Because growth in vitro in medium of low pH activatedpag expression to a lesser extent than that observed within macrophage phagosomes (Table 2) , it seems unlikely that pH is the sole intracellular signal for the observed transcriptional activation. Conformational changes in Salmonella surface proteins induced by an acid environment, or a more major surface alteration by acid proteases, could be required for PhoQ to sense other environmental factors within the intracellular environment. Of note, PhoQ has a markedly anionic domain and numerous histidines whose charge could be titrated by an acid environment (2) .
That an acidic environment activated pag expression suggests that more of these gene products are required to avoid toxic compounds active at lower pH. Since PagC and other pag gene products are essential to survival within macrophages, this implies that Salmonella can survive, and perhaps replicate, in an acidic endocytic compartment. One could hypothesize that pH changes within the phagosome activate a switch in gene expression from prg genes, essential to replication and survival within a relatively alkaline phagosome, to pag genes, to promote intracellular survival at a lower pH.
Our data also documented that S. typhimurium cells remain at a pH of =5.5 for several hours within the phagosome. One would expect that during this period the acid tolerance response described by Foster and Hall (35, 36) would be induced. The acid tolerance response involves the synthesis of a number of proteins at pH 5.5 that are able to protect organisms from death at pH 3.0. Therefore, it seems likely that in response to low pH Salmonella cells induce multiple different regulons in a cascade-like fashion that each promote survival in different intracellular environments.
